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Outline
I My background

I Some basic understandings

I Scales of energy & entropy
I Non-linear waves and material response

I Experimental examples
I Mathematical basics
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I LANL (cont.)

My baCkg round I National security & energy programs. ..
I' Current R&D Projects

CHE Grand Challenge
Electrostatic Discharge

I' Theoretical Physics, WSU Stochastic Neutronics
I Statistical mechanics Nearby Explosion Scenarios
I Shock and detonation physics I Other Roles
I LANL (1991 Curr) LANL roles: PI, TL, PL
I Shock and detonation experiments Adjunct faculty, Department of Physics,

Colorado School of Mines (CMS)
Joint Appointments at NMT and CSM
(currently being reworked)

Large multi-institutional efforts
Small to large and complex

I Other R&D project examples
Micro-pulsed power system F——
Fresnel focused EMAT system: detecting 0 tRoseeTr
disparities through heavy metals )
Quantum coherence system
Superconducting vibrometer system

THE APPLICATION IS 3
UNSTABLE BECAUSE THE |}
DATA MODEL IS DRIVEN |
BY AN OVERLY COMPLEX |2
RELATIONAL DATABASE |£

AND THERE WAS NO
INTEGRATION TESTING. |3

DOES ANY OF THAT
MEAN THE SAME
THING AS "LAZY"?

Dibertcom _DilberCartoonsi@gmal com

.
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Some Basic Understandings
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Scales of Energy: Basic De nitions

Some common units

I 1J=1Nm
I One Newton of force over 1 meter
I A 100W lightbulb uses 100J of energy

per second
I Power: 1W=1Js?

I Electron Volt: 1eV = 1:602 10 19,
the kinetic energy gained by an
electron accelerated through a 1V
potential difference in a perfect vacuum

I E=mc3,c=3 108ms i, m= mg
I' 10z matter

85megaton TNT =85 4:184 10'°J
I Conventional and nuclear bombs store

energy as mass, which is converted
when detonated.
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What is entropy?
Statistical Mechanics ¥ Thermodynamics & Material Behavior

I Measure of randomness (disorganized
states) in a system

I S=kglIn ¥ EOS formulation
I System tendency

I high-energy, low-entropy state ¥
low-energy, high-entropy state

I Detonation

I Metastable stored high-energy density
in relatively low-entropy state ¥
dispersed hot products gases in a
high-entropy state

I Why this tendency in nature?
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How big is 1 mol?
Stirling Approximation: INnN!'=N (InN 1)+ O (InN)

I Mt. Saint Helens Initial Blast
i 500 the Hiroshima blast of
13 kiloton TNT
I Avogadro’s number

I Na =6:022 1028 particles = 1 mol

I 1mol of ne Mt. Saint Helens volcanic
dust would cover Washington State
about 4 to 6 feet deep!

depends on the packing fraction

.
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Some common types of energy

I Kinetic energy (KE): $mv?
I Potential energy (PE) associated with a
eld
I e.g., rasing a mass off the surface of the
earth increases its gravitational PE

within the gravitational eld
I Electrical PE (atoms and molecules)

1leV ¥ hundreds of eV
Chemical energy

I Nuclear PE (nuclei)
1MeV ¥ hundreds of GeV
Nucelar energy
I Heat energy (statistical mechanics)

I The average of the energy of motion of
many particles ( Na)

(s
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Detonation of chemically-based explosives
Example: The Watusi Event (September, 2002)

I Chemical energy

I Electronic binding energy structure of
atoms and molecules; E = mc?

I High Explosives
Chemical energy stored in a metastable
state
Suf cient perturbation ¥ rapid
conversion of stored chemical PE into
heat energy
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Nuclear Detonation & Energy
Example: The lvy Mike Event (November, 1952)

I Binding energy within the nucleus;
E = mc?
I' Nuclear Explosives
I Fission Devices
10kiloton TNT
I Fission + Fusion Devices
1 10?kiloton TNT ¥
1 102megaton TNT
I Clean sustainable energy?

I' Mechanisms for building stars
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Nonlinear Waves & Detonation in Continuous Media

I cis sound speed
I Generally c increases with amplitude

Frozen sound speed: ¢? = &%
s

I Acoustic waves represent the small
amplitude limit
Stress ¥ pressure
C constant
Linear waves
Helmholtz equation ¥ Green'’s functions
I Nonlinear waves
I Wave crest catches up to the foot

Dissipation may prevent this occurrence
T Decay to acoustical wave

I Could trigger a detonation

Subsonic (de agration)
Supersonic (detonation)

.
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Material Response to Shockwaves
I Typical materials undergo plastic ow

I < 1GPa for most terrestrial materials
I PBX 9501 (LANL CHE)

ZND Spike 54 GPa
CJ Point 36 GPa

I Theoretically statistical mechanics 1
transport & hydrodynamics

I Partition Integral Zy, ¥ EOS ¥
transport & hydrodynamics

N = rinomenttj,m integqu gon guraﬁion integril

ideal gas dominating

I Steel plate impacts zirconium (see g.)
I Hydrodynamic (plastic) ow ensues
I Over time shock instabilities always form
across a sharp density change

.
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Response to Blast Overpressure

I Typical bicycle tire: 50 to 120 psi
I Atmospheric pressure at sea level:
latm = 14:7 psi
I An implusive wave of 4 psi will probably
kill a person
I If the cross-section of a human body is
1000in?, then 4 psi will deliver 2 tons of
force to the body in a short pulse.
I A 14:7 psi pressure impulse on a
12ft 12 ft wall results in a force of
152:4 tons on the wall
I Blast overpressure from a nuclear
explosive will take down a city
I Nuclear security is a big issue!

.
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Response of the Earth to Shockwaves
The Watusi Event (September, 2002)

I Earthquakes are induced by shear (S-Wave) motion, and are geophysical
examples of shockwaves

I . ..in the region of the epicenter

I Explosions create compressional (P-wave) motion, and also generate geophysical
shockwaves

I Entities that try to hide nuclear testing do so by detonating in geologic formations that
convert P-wave motion into S-wave motion at the epicenter

I Any material that can conduct sound can conduct a shockwave
I Power pole example at the NTS

Crossroads Clip
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Large-Scale Shockwaves
I Shoemaker-Levy 9

I Broke apart from gravitational
interactions with Jupiter

Jupiter acts a a shield to protect earth
form frequent catastrophic events

The moon, which is about 30 earth
diameters away and 1= earth’s gravity,
makes the cross section of the earth look
much bigger to approaching objects;
most objects pass between the earth and
moon

One secondary fragment from this event
would have destroyed life within the earth
troposphere

I Shockwaves occur over a range that
extends from the micro-scale to the
astrophysical scale
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Experimental examples

Main water jet

=
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Cylinder and Aquarium Tests

I Cylinder test example: al i T

Cylinder Test R

I Aquarium test example:

Aquarium Test

.
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The Watusi Event, September, 2002, Nevada Test Site
40 10%Ibs TNT equivalent PHE system

I Large team effort:  2years I CJ-Detonation: non-ideal response
I Many diagnostic systems were deployed
I Involved multiple institutions

I The inSAR diagnostic h?’ ——

I' The main energetic material was a & € ‘
primary high explosive (PHE);. q
I Very sensitive to impact, so PHE

components were assembled remotely . o
I Highly non-ideal; > 12kJcm 3 I Overdriven Detonation: ideal response
I Boosted with 2400 Ibs of PBX 9501; PBX

9501 is a very good ideal conventional

high explosive ( 10:2kJcm 3)

Watusi Clip

.
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Some Example Features of a Detonation
Sanitization Shot: 600 Ibs

Sanitization Shot
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Example of Integrated Diagnostics: Shot View 1
High speed 50 cal fragment into a cased HE system: 1:8mm s !

.
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Example of Integrated Diagnostics: Shot View 2
High speed 50 cal fragment into a cased HE system: 1:8mm s !

.
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Example of Integrated Diagnostics: Shot View 3
High speed 50 cal fragment into a cased HE system: 1:8mm s !

.
‘r LA-UR-YY-NNNNN UNCLASSIFIED 2/5/2021 j 23
-



UNCLASSIFIED

Example of Integrated Diagnostics: Research Gun
High speed 50 cal fragment into a cased HE system: 1:8mm s !

.
‘r LA-UR-YY-NNNNN UNCLASSIFIED 2/5/2021 j 24
-



UNCLASSIFIED

Example of Integrated Diagnostics: Target 1
High speed 50 cal fragment into a cased HE system: 1:8mm s !
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Example of Integrated Diagnostics: Target 2
High speed 50 cal fragment into a cased HE system: 1:8mm s !
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Example of Integrated Diagnostics: Target 3

High speed 50 cal fragment into a cased HE system:

[
‘;Q LA-UR-YY-NNNNN

Notes

UNCLASSIFIED

Thin slots are milled into each N-9 pieteaccept the
following Manganin gauges:
! 1X500hmgauge at the impact surface, between
" inch 1018 steel plate and the N-9
| 1X50m ohmgauge at the ihch N-9 plane
I 1X50m ohmgauge at the Bich N-9 plane
I 1X50m ohmgauge at the 4inch plane, between
the rear ! inch 1018 steel plate and the N-9
4 X PDV probes are installed on theiig mound which
interrogate 4 points on the 1 inch plane.
3 X PZTpins are installed to providioA points at the 2
inch plane.
" and! inch1018 steel plates are installed on the impac
surface and rear surface, respectively
A (very) thin layer of Sylgard is created between the imp
plate and N-9 by tightening down the PMM@taining
rings.

1:8mm s !

2/5/2021 j 27
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Example of Integrated Diagnostics: Target 4
High speed 50 cal fragment into a cased HE system: 1:8mm s !
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Mathematical Basics of Shock Physics

Chemistry professor in reference to Schrodinger’s wave equation solutions for one electron atoms: You'll be glad to
know that we won't be doing math with these things. We'll leave that to the physicist. They don’t have morals and
will do anything.

Statistics professor on the log likelihood function: | know a lot of you in the physics department take log of 0 and call
it negative in nity. We're in the math department here, and we do not do such horrible things.

Complex analysis professor on the wave equation: Mathematicians have to do a lot of work so that physicists can
justify the things that physicists say.

=3
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Classical Continuous Fields: Continuity Equations
Conservation of mass m, momentum p & energy E ¥ diff. sys. D

I D prescribes the continuous transport I' More assumptions and notes. ..

of m, p and E across spacetime I Quasi-static evolution over Sg is
I Aclassical continuous eld of material assumed within. m
elements mis assumed Solutions to D shadow actual processes
m assumed suf ciently small to poorly if this assumption breaks down
approximate a differential element I Sometimes it is also necessary to
m assumed suf ciently large to achieve assume fast mesoscale processes
statistical signi cance required to de ne Thermo-mechanical equilibrium surface
EOS surface Se I Itis a seldom realized luxury to have an

dm=Ilim vso m ¥ continuous eld of

=const. analytical, complete and realistic form
differential material elements for Sg
dm & numerical element Typically incomplete EOS models are
I Approximate timescales engineered/calibrated that approximately
Vibratory: t, < 1ps, 1ps < the < 1ns intersect a narrow swath on Sg

Statistical: t 1ps
Speed mm s ! : typically fvp;vsg < 10,
but extreme 100
‘:: LA-UR-YY-NNNNN UNCLASSIFIED 2/5/2021 j 31
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What are Lagrangian and Eulerian Coordinates?

U=yT -

y( .to) =
X3 e C X Volumetric elemers are boundedby linesof = constant
<
¥ Can map between coordinate systems as along as the Ja

bian of transformation remains well behaved.

¥y = (y1,Y2,¥3) is an Eulerian coordinate. Eulerian coor
*1 dinates are bxed to the laboratory coordinate system (or
Gallilean transformation from the Laboratory).

¥ a = (ay,ap,a3) is a Lagrangian coordinate. Lagrangian cc
ordinates Row and distort with continuum motion.

(s
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Be careful with derivatives (use the chain rule!). ..

Lagrangian coordinate a is the position of a material elementatt = 0

Eulerian coordinate y =y (a;t) is the position of material element a attime t;y (a;to) = a
I The time derivative of (y;t) is

d (v;t) _ @ (vit)

+(V r) (y;t),or

dt @t
d—c: = @@t+v r where
@ (@;/t;t) = local change in , and

(v r) (y;t) = convective change in

I The time derivative of (a;t) is

d (a;t) _ @ (a;t) or

dt @t '’
g = @ where it should be noted that
dt @t
@ (y;t) . @ (ajt) _ . .
& since they are different functions.
@t at y
t:: LA-UR-YY-NNNNN UNCLASSIFIED
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Example: Viscous Heat Conducting Hydrodynamic Flow
I' Typical condensed matter HEs: 20GPa < ¢; < 40GPa

I Stress-strain relationships are overwhelmed ¥ Supersonic hydrodynamic ow

I' Transport: reaction, viscosity, heat conduction, plasticity, porosity, compaction, etc. The
con guration integral is signi cantly dominating over this region of Sg.

I Hyperbolic formulations maintain causality and avoid arti cial mathematical issues
(e.g., singular perturbations).!

I However, for our purposes assume the typical parabolic and elliptic formulations

for viscosity and heat conduction

I' The result of this assumption is that non physical singular perturbations in association
with the critical points prescribing 1 D steady ow occur when reaction is properly
added into the mix.

I' However, this assumption is suf cient for the purpose of developing standard shock
relations.

I Characteristic length scales associated with hyperbolic formulations of viscosity and
heat conduction are consistent with shock rise times.?

1Brief discussion of characteristics: Mathematical Methods of Physics by Mathews and Walker

= 2Characteristic lengths: https://en.wikipedia.org/wiki/Dimensional_analysis
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Physical Laws (conservation)

Differential System D

Assume body force f and external source g are zero

I Tensors: TVisc, T, 1 1

! Vectors: v, |, je,jn f. q I
8
2j=v mass ux
uxes = _ je = 1v2+ e +P v totalenergy ux
Cjph= krT heat ux
8
%Tvisc: @ @ RiRj gr‘ vl
@x @x 3
stresses = | }
§ traceless tensor is viscosity
" T =Pl+ w +TVisc
8
3%7 r j=0
D= @—lt r T=f=0
30 (3V*) | i 4 - dq
ot r (je+tjh+v T)= v f+4

(s
@ LA-UR-YY-NNNNN UNCLASSIFIED
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=bulk viscosity

Several chapters of
continuum mechanics!

The development
starts with the laws of
physics

viscous stress

total stress

mass continuity
momentum continuity

=0 energy continuity

2/5/2021 j 35
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Continuity Equations: Mass m

Fixed volume V -
I Continuity of mass

bounded by surface S

dm = X;t)[t v (x;t) da
| d(z)[ ( )Z ]@
t v) da=t — d®x=1t —=d3x
s( ) dtzv v @t
= t r jd®x;, j= v
Y
@ . o
— +1r j=0; continuity of mass

@t

I It's the same idea for continuity of momentum and energy (mass is the easy
example).

I Each component of the momentum vector, for example, can change in 3
directions, resulting in total stress tensor T.

.
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Nonlinear waves that derive from D add linearly

I Let {2 ; vi; Vo, V3 %v2+e with associated ux densities
Ji 21, T, To;Tasje+jn+v To.

I De ne linear operator L[ i;ji]= & +r j =0.

[
I Let i(l) and i(z) be two concurrent solutions. Then L i(l) + i(z);ji(l) +ji(2) =0
which is the mathematical reason why these nonlinear waves add linearly; e.g.,

shocks add linearly at a point in spacetime.

I' Notice that if one of the components of D is expanded out, the resulting
mathematical expression is rather complex, involving nonlinear objects.
Nevertheless, this type of nonlinear wave adds linearly.

)
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But wait, there’s more unknowns in D than there are
equations!

I To close the system appropriate EOS and transport relations must be assumed.

I' In a theoretically perfect world one would have. ..
a complete, self-consistent EOS formulation that incorporates reaction, driven in a
thermodynamically consistent manner, together with integrated and consistent mesoscale
physics, and
complete, self-consistent formulations of transport and hydrodynamics based on this EOS
formulation.

I' In reality several incomplete EOS formulations are engineered that together

approximately shadow a narrow swath of the actual EOS surface in a manner. ..

that cannot guarantee self-consistency,
where transport and hydrodynamics are formulated separately from EOS formulations, and
where mesoscale phenomena typically aren’t considered.

=
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Reduction of D to Steady Flow
Galilean transformation ¥ Coordinates of a Steady Shockwave

I Steady Flow means that the shape of the ow- eld doesn’t change over time.

I' Typically a Galilean transformation is made to a coordinate system attached to the
shockfront.

I Steady Coordinates refers to the coordinate system attached to the shockfront,
and in this reference frame there is no explicit dependence on time; e.g., the wave
shape remains the same on a series of fast framing camera frames:

8
20=rj mass continuity v
Dsc = S O=r T momentum continuity P
Idealized Steady
"0=r (jet+jn+vVv T) energy continuity 1D Shockwave

.
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I LetV = 1= If the steady wave shape is 1-D, then D reduces as follows:
I' Reduction of Fluxes:

d

2r jz&zo =) j= v=g constant mass ux
[ uxes];ps = >je 1 jo= % v2+ e+P v total energy ux
T s _ o dT
in ¥ jn= Kkigx heat ux
I Reduction of Stresses:
TVise = 9 vyiscousstress; = + 3
[stresses];pq = )
T + v stress =P +

I Dene4av=yv, \2/31' 4P =P, P;and4e=e, e;. Reduction of D:

3j= vV T constant mass

[Dlips = 5 ?TX = J* 4V + jiz4P momentum, V =
T =1 4e+1( +P))4V massspeci cenergy e
I Integral Curve Solution:

dT _ 4de+3( +P)4V

. . 0
- = | —
dv Kk 4V + ji24P Tlor 42 critical points 0

.
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I' Derive the Rayleigh Line and Hugoniot from [D],ps:

I Momentum: ?TX =0¥P, Py= j?(V2 Vi), whichisthe Rayleigh Line.

I Energy: §-=0%e; e = Z(P2+P;) L L whichisthe Hugoniot.

I' Conservation of mass and momenutm ¥ expressions for v; and v:

Py 1 Py
Vi1 = — vV =

J 1 J 1

1
Vi V:JT( P1)

I' The energy continuity equation reduces as follows:

dr P, 1
ax CAet - T E(V1+V)(V1 v)
=de+— 2 Zj0AVF( P

1

:4e+%( +P) 4V

.
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Example: Idealized 1-D Steady Shock
A shockwave shaped by viscosity and heat conduction (frozen ow)

I State 1: The foot of the shock is an

unstable node. Smple 1-D Steady Shock
o T T T T T T T T T T T

I State 2: The top of the shock is a b

saddle point. .
I The stable saddle separatrix picks out %

one integral curve owing out of the 20

unstable node, thus yielding a unique

solution. 10

.
‘s' LA-UR-YY-NNNNN UNCLASSIFIED 2/5/2021 j 42
-



UNCLASSIFIED

Questions & Discussion

DID YOU INTEND THE
PRESENTATION TO BE
INCOMPREHENSIBLE,
OR DO YOU HAVE SOME
SORT OF RARE "POWER-
POINT" DISABILITY?

=3
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